. By response surface methodology, the quadratic model has adequately described the experimental data based on the adjusted determination coefficient (R 2 ¼ 0.98). The optimum conditions for maximum uptake onto the biosorbent were established at 0.5 g.l À1 biosorbent concentration, pH 6 for the aqueous solution, and a temperature of 30 W C.
INTRODUCTION
Toxic heavy metals are frequently released in wastewaters produced by various industrial processes, such as those employed in the electroplating, metal finishing polishing, metallurgical, tannery, chemical manufacturing, mining, and battery manufacturing industries (Polprasert & Liyanage ) . The presence of metal ions in final industrial effluents is extremely undesirable, since they are toxic to both lower and higher organisms even at low doses (Schroder et al. ; Doshi et al. ; Rehman & Anjum ; Ema et al. ; Pierron et al. ) . Under certain environmental conditions, metals may accumulate in biological systems and reach toxic levels and then cause ecological issues, which damages health.
Cadmium is one of the most toxic heavy metals in the ecosystem (Lagadic et al.  Koedrith & Seo ) . Toxicity of Cd 2þ is mediated by either carcinogenic or endocrine disturber effects via both genetic and epigenetic molecular mechanisms (Silva et al. ; Wang et al. ) .
In recent years, biological material has been widely used in Cd 2þ removal from aqueous solution. Bacteria are present in all areas of our environment and they are routinely used in Cd 2þ removal from aqueous solution; these may include, In this research our aim was to quantify the biosorption of Cd 2þ by unmodified P. aeruginosa. The effect of initial metal ion concentration was studied and the relationship between pH and removal capacity was also analyzed. The pseudo first-order kinetic models were used in the next step of data analysis. Finally, RSM was explored to optimize the process parameters for the sorption of Cd 2þ onto P. aeruginosa.
METHODS

Biomass preparation
The bacterial strains were received from the Iranian Research Organization for Science and Technology Tehran, Iran. The nutrient broth was prepared in the prescribed growth medium containing beef extract 1.0 g, yeast extract 0.1 g, peptone 5.0 g, sodium chloride 5.0 g and distilled water 1.0 litre. The biomasses were separated from the growth medium by centrifugation at 6,500 rpm for 10 min and then they were washed thoroughly with distilled water. removal from solution.
Thermodynamic study
Thermodynamic considerations of a biosorption process are necessary to conclude whether the process is spontaneous or not. In order to evaluate the biosorption thermodynamic behavior, the values of Gibbs free energy change (ΔG), enthalpy change (ΔH ) and entropy change (ΔS) were estimated as follows (Milonjic ) :
where R is the universal gas constant (8.314 J.mol
T is the temperature (K ), K C is the thermodynamic equilibrium constant (l.mol À1 ) and 55.5 is the number of moles of water per liter of solution.
Experimental design by using RSM
RSM is a useful technique for development and optimization of biosorption process. This method has been particularly explored in situations where a large number of variables influencing the system's features may coexist (Montgomery ; Myers & Montgomery ) . RSM represents the independent process variables in this quantitative form:
where Y is the amount of adsorbed metal (mmol.g À1 ), ƒ is response function, and X 1 , X 2 , X 3 … X n are independent variables. Response surface is obtained by plotting the expected response but the value of ƒ is unknown and can be very complicated. Therefore, response surface modeling approximates its value by a suitable lower order polynomial.
If response varies in a linear manner, it can be represented by this linear function equation:
The generalized second-order polynomial model proposed for the response surface analysis was given as follows:
where β 0 , β i , β ii , β ij are regression coefficients for intercept, linear, quadratic and interaction terms, respectively. X i and X j are coded values of the independent variables while k equals to the number of tested factors (k ¼ 3). All the analysis was carried out in triplicate. Statistical analysis was performed by the Minitab15.1 software (Minitab Inc., State College, PA, USA) and fitted to a second-order polynomial regression model containing the coefficient of linear, quadratic and interaction terms. Three parameters (pH, biomass dose and temperature) were studied by BoxBehnken model with three levels. The independent variables were temperature (X 1 ), pH (X 2 ) and biomass dose (X 3 ) and each factor was set at three separate coded levels (Table 1) . For calculating 10 coefficients of second order polynomial equation, 16 experiments are required to be performed (Toles et al. ) . In the experimental design model, temperature (15, 35 and 45 W C), pH (5, 6, 7), and biomass dose (0.5, 1.5 and 2.5 g.l À1 ) were taken as input variables ( Table 2 ). The data which were subjected to analysis of variance (ANOVA) and the coefficient of regression (R 2 ) was calculated to determine the excellence of the model fit.
RESULTS AND DISCUSSION
Effect of pH
The interaction of metal cations with the electron-rich functional groups located on the biomass may be strongly sensitive to the pH value of the environment. Initial pH is the most important parameter affecting metal ion uptake. In synthetic solution, the effect of pH on the biosorption of Cd 2þ onto P. aeruginosa was done by altering the pH in the range of 3 to 8 as shown in Figure 1 . Optimum pH values were observed at 6.0 for P. aeruginosa. Due to hydrogen ion activity, cadmium biosorption was observed to be high at a low pH of 3 for P. aeruginosa. As can be seen in Figure 1 , Cd 2þ is precipitated in the form of Cd(OH) 2 , because of the 
Desorption of Cd 2þ
Recovery of metals sorbed onto the biomass is one of the important aspects of any successful biosorption process development (Brown & Lester ; Volesky ) . The experiment results of Cd 2þ biosorption and desorption are depicted in Table 3 . It demonstrates that more than 76% of Cd 2þ adsorbed by P. aeruginosa was released into the HNO 3 solution at first cycle. These results are of interest since the removal of Cd 2þ from aqueous solution and its recovery can be accomplished in three rapid steps. As indicated in Table 3 , after the first cycle, P. aeruginosa presented a gradual reduction of its biosorption ability and this may be due to the fact that HNO 3 solution modifies the cell wall while the desorption ability remains at high levels. It indicates that 0.1 M HNO 3 can effectively desorbed the Cd 2þ bound from P. aeruginosa cells.
The results of desorption of Cd 2þ ion by HNO 3 desorbing agent at 0.1 M concentration demonstrated that nitric acid was a highly efficient desorbed and it enabled the complete recovery of Cd 2þ ions from P. aeruginosa cells. In desorption of Cd 2þ from P. aeruginosa no significant decrease in activity took place after four sorption/desorption cycles.
Effect of time on biosorption
Figure 2 shows that the rate of Cd 2þ uptake increases rapidly in the first part within 5 min of contact with P. aeruginosa. After that, the rate decreases until it reaches a constant value of Cd 2þ concentration after 30 min and then the uptake of metal ions does not significantly change with contact time. This rapid initial uptake of metals may be an important parameter for a practical application of biosorption in industrial wastewater treatment. The kinetics of metal uptake, assumed to be a passive physical adsorption on the cell surface, is very rapid and it occurs in a very short time after the microorganisms have come into contact with metal ions ( 
Langmuir adsorption isotherm
In this research, two classical adsorption models which are commonly used in the literature were employed to describe Figure 2 . The obtained equilibrium adsorption isotherm shows that metal uptake by bacterial biomasses were a chemically equilibrated and saturable mechanism. Therefore, there was an increase in metal uptake as long as binding sites were free. Experimental data were applied to adsorption models given by Langmuir, where its mathematical formula can be expressed as:
Its linear form is represented by the following equation:
where q m is the Langmuir constant (mmol. g À1 ) reflecting
the maximum adsorption capacity of the metal ion per unit weight of biomass to form a complete monolayer on the surface bound at high C e . The value of Langmuir constant, b (l.mmol
À1
) represents a ratio of adsorption rate constant to desorption rate constant, which also gives an indication of the metal affinity for binding sites on the adsorbent. The maximum adsorption capacity q m , and b can be determined from the linear form of Langmuir equation (Equation (6), Figure 3 could be characterized by a monolayer formation of the metal ion on the surface of the biomass and it belongs to a single type phenomenon with no interactions between sorbet metal ions. Values of adsorption capacity of the biosorbents are given in Table 5 be much better biosorbents. Although direct comparison of the reported biosorbents is difficult, due to varying experimental conditions, it seems that the adsorption capacity of the bacteria studied here is considerably higher (Ziagova et al. ) .
Thermodynamic parameters
Thermodynamic parameters, such as change in free energy (ΔG 0 ), enthalpy (ΔH 0 ) and entropy (ΔS 0 ) were determined by the following equations. The apparent equilibrium constant (K C ) of the biosorption is defined as:
where C ad.eq and C eq is the concentration of Cd 2þ on the biomass and residual Cd 2þ concentration at equilibrium, respectively. In this case, instead of concentration, the activity should be used in order to obtain the standard thermodynamic equilibrium constant (K C ) of the adsorption system. Equilibrium constant (K C ) of the adsorption system.
where R is the universal gas constant (8.314 J.mol À1 K
À1
), T is the temperature (K ), ΔG 0 is standard free energy change (Malkoc ) .
The values of ΔG, ΔH, and ΔS in all experimental conditions are shown in Table 6 . In all cases, observed ΔG W values were positive, further enhancing that biosorption process is not spontaneous and the temperature rising gives the needed energy. The standard enthalpy and entropy changes of biosorption determined from the ΔG versus T were 36.35 J. mol À1 and 0.113 J. mol
, respectively. The positive value of ΔH suggests the endothermic nature of Cd 2þ biosorption.
The positive value of ΔS confirms the increased randomness at the biosorbent Cd 2þ solution interface during biosorption (Figure 4) . The positive value of ΔG and ΔS confirmed the nonspontaneous nature adsorption process and increased randomness at the solid-solution interface during adsorption and the positive value of ΔH indicated that the adsorption process was endothermic.
Optimal conditions for Cd 2þ biosorption process
In this research the experiments were designed based on the three level three factor Box-Behnken design. On the basis of quadratic polynomial Equation (10) of RSM, the effect of interacting variables: biomass dosage, temperature and pH on the biosorption of Cd 2þ were analyzed. The model summary statistic showed the regression coefficient (R 2 ¼ 0.982) for the quadratic model with minimum standard deviation (0.21). The response surface plots of the effect of biomass dosage, temperature and pH for Cd 2þ uptake using the prepared biosorbent are visualized in Figure 5 . Figure 5 (a) shows the biomass dose and temperature interaction that had the most significant effect on Cd 2þ uptake. The sorbent dose used for the treatment studies is an important parameter which determines the potential of biosorbent to uptake Cd 2þ . The increase of metal ions sorption capacity of biosorbent with an increase in metals concentration is probably due to the higher interaction between temperature and the biomass dose. A similar result has been reported by Rajasimman & Murugaiyan () for nickel removal by red macro algae (Hypnea valentiae). As is shown in Figure 5 (a) the removal of Cd 2þ raised with an increase in biomass dosage. From the investigation of finding, it was shown that the removal of Cd 2þ increased up to 2.5 g.l
À1
. The parameters were then fitted into second order polynomial equation as follows:
In order to ensure a good model, the test for significance of regression model was performed and for biosorption of Cd 2þ ion, the ANOVA was employed. non-significant lack-of-fit (more than 0.5) showed that quadratic model is valid for present study. Non-significant lackof-fit is good for data fitness in the model. of the variation was not explained by the model. From the significant model and mathematical evaluation, RSM approach proved to be a very useful and accurate methodology to optimize biosorption process and need to be applied at pilot scale for industrial wastewater treatment. 
